The aim of this study was to investigate the cause of green liver in red sea bream fed substitute protein diets. Red sea bream Pagrus major was given either of the following diets for 28 weeks: (1) control diet (50% fish meal), (2) low level fish meal diet (15% fish meal), and (3) non-fish meal diet (0% fish meal). The green liver was observed in all groups tested, but the incidence was much higher in the experimental diet groups. The feeding of substitute protein diets reduced plasma triglyceride and cholesterol levels. However, there was no significant difference in plasma hepatic enzyme activities and plasma bile salts concentration among the treatments. Fish fed the substitute protein diets showed low hepatic taurine levels with an appearance of a biliverdin in the liver. Moreover, the proportion of ditaurobilirubin to total biliary bile pigments was significantly lower in fish fed the substitute protein diets. These data indicate that feeding of substitute protein diets did not induce any cholestatic hepatobiliary obstructions and that the low hepatic taurine level was one of the probable factors responsible for the occurrence of green liver in red sea bream fed substitute protein diets.
INTRODUCTION
Many researchers have tried to replace expensive fish meal components of fish feed with other less expensive alternative protein sources. In their experiments, it has been shown that defatted soybean, corn gluten and meat meal can take the place of fish meal at levels of 90-100% for rainbow trout Oncorhynchus mykiss, 1,2 and 50-60% for carp Cyprinus carpio, 3 red sea bream Pagrus major 4, 5 and yellowtail Seriola quinqueradiata. [6] [7] [8] However, subsequent trials to eliminate fish meal entirely from the diets for yellowtail and red sea bream revealed that a so-called 'green liver' appeared in experimental fish fed non-fish meal diets. 9 In yellowtail, it is reported that dietary poisoning and/or the cholestasis caused by a myxosporean parasite Myxobolus spirosulcatus brings about this abnormality, 10 but the causal relationship still remains unclear.
Taurine, which is not found in alternative protein sources, 11 is one of the most abundant and popular free amino acids in marine life, including seaweed, shrimp, crab, squid, shellfish and fish. 12, 13 Differently from mammals, biliverdin exists as a major constituent in the biliary bile pigments of fish 14 and bilirubin is conjugated with taurine and then secreted into bile in red sea bream, yellowtail, yellow fin porgy Acanthopaqrus latus, Japanease flounder Paralichthys olivaceus and tiger puffer Takifugu rubripes. 15 These observations suggest that taurine plays a very important role in excretion of bile pigments in fish.
In this experiment, we analyzed the hepatic taurine and biliverdin levels and the biliary bile pigments in red sea bream fed substitute pro-
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Growth and incidence of green liver
During the experimental periods, the bodyweight of fish was measured and the occurrence of green liver was also examined every month. At the start and termination of the feeding experiments, the bodyweight of fish from each group (n = 30) was measured, and then, daily weight gain, feed efficiency and protein efficiency ratio (PER) were calculated. Occurrence of green liver in fish from each group (n = 15) was grossly examined at the end of the experiments.
Analytical methods
Five fish were randomly selected and subjected for each analysis. Fish were starved for 48 h and anesthetized with 2-phenoxyethanol (400 p.p.m.) before being weighed individually. Bile was collected by suction from the gallbladder. Blood samples were obtained by cardiac puncture with heparinized syringes. The blood samples were kept at 4°C and then hematocrit values (Ht) were determined by means of Micro-Diff18 (Coulter, Miami, USA). The hemochemical properties of the blood samples were measured by means of a commercial automatic analyzer (SPOTCHEM SP-4410; Kyoto Daiichi Kagaku, Kyoto, Japan). The plasma bile salts concentration was measured using 3a-hydroxysteroid dehydrogenase followed by the method reported elsewhere. 16 Dietary and hepatic taurine levels and biliary bile pigments composition were determined by the use of highperformance liquid chromatography (HPLC) according to our reports published previously.
17,18

Statistical analysis
All data were expressed as the mean ± SD. Differences between the control fish meal group and other experimental groups were evaluated by one-way ANOVA and Newman-Keuls' test and the incidence of green liver was determined by the chi-squared test. The probability values less than 0.05 were considered significant.
RESULTS
In winter, small bodyweight gain was observed in fish fed Diet 3, and the green liver was found in fish fed the experimental diets (data not shown). Hence, we stopped the feeding and started the analysis in February.
The mean weight gain, growth rate, feed efficiency, and occurrence of green liver are summatein diets and elucidated the mechanism of green liver.
MATERIALS AND METHODS
Sample, experimental diets and feeding methods
Red sea bream Pagrus major used in this experiment was reared in the Fisheries Research Institute of Ehime Prefecture. Fish (average bodyweight, 260 g) were divided into three dietary groups of 70 fish each, reared in 3 ¥ 3 ¥ 3 m net cages provided with a net cover and fed different alternative protein sources during the period from August 1997 to February 1998. The water temperature ranged from 15.3°C to 26.6°C. The composition of the test diets and their proximate values are shown in Table 1 . In the experimental diets, the fish meal components included in the control diet (Diet 1) were entirely eliminated and/or partially replaced by a combination of alternative protein sources such as soybean, corn gluten, and chicken meals at different levels. Soybean and corn gluten meals were used as the main substitute protein sources in Diets 2 and 3, and chicken meal was used in Diet 3 to eliminate fish meal entirely. All the test diets also incorporated 5% krill meal in order to enhance palatability of diets, then they were prepared for steam dry pellets and stored at -20°C until used. The experimental fish were fed twice a day until satiation on one of the varieties of the dietary preparations for a total of 28 weeks. Table 2 . Compared with the control group, fish fed the experimental substitute diets showed smaller weight gains and lower feed efficiencies. The lowest number was observed in Diet 3 (P < 0.01). Green liver was observed in all diets tested, but the incidence was extremely high in Diets 2 and 3 (P < 0.01).
The plasma biochemical parameters in red sea bream fed the experimental diets are shown in Table 3 . In the activities of glutamic-oxaloacrtic transaminase (GOT) and glutamic-pyruvic transaminase (GPT), no significant difference was observed among the treatments. In addition, the Ht value and the bile salts concentration were not affected by the dietary treatments. However, cholesterol levels in fish fed the substitute protein diets were significantly lower than that of fish fed the control diet. In addition, triglyceride levels were significantly lower in Diet 2 and not significant in Diet 3. Both values were decreased to 40-60% of the control group. Table 4 shows the hepatosomatic index (HSI), hepatic taurine and biliverdin levels and biliary bile pigments composition in red sea bream fed the substitute protein diets. The substitute protein diets lessened the HSI, and a significant difference was observed between Diet 1 and Diet 2 (P < 0.05). Moreover, in fish fed Diets 2 and 3, the hepatic taurine content was significantly lower than that of the control (P < 0.01 in Diet 2 and P < 0.05 in Diet 3). Instead of this taurine reduction, a certain level of biliverdin was detected in fish fed Diets 2 and 3, but not in Diet 1. As for the bile pigments composition, ditaurobilirubin and biliverdin were detected as major bile pigments in all dietary groups. However, in comparison with the control group, the proportion of ditaurobilirubin to total bile pigments was extremely low in fish fed Diets 2 and 3. In contrast with the decreased proportion of ditaurobilirubin, bilirubin monoglucuronide appeared in the bile of fish fed alternative protein diets.
DISCUSSION
For the green liver which appeared in yellowtail, it had been reported that the dietary poisoning and/or the cholestasis caused by a parasite was responsible for this abnormality. 10 On the other hand, in humans, serum bile salts provides useful diagnostic information, 19 in which the concentration of total serum bile salts increases in a patient with cholestatic hepatobiliary obstructions such as hepatitis and gallstones. Thus, we measured the plasma bile salts level in this experiment. As summarized in Table 3 , no significant difference was observed in the hepatic enzyme activities and bile salts concentration among the treatments. However, the plasma cholesterol concentrations in stance may inhibit the biliverdin detection. However, these data lead us to a conclusion that a low hepatic taurine level is the most potent factor for the appearance of green liver, and we also predict that green liver will appear when the hepatic taurine level reaches < 3 mg/g tissue.
Considering all the data, we speculate about the outbreak mechanism of green liver as follows: first, the feeding of substitute protein diets brought about taurine deficiency; second, thereby, both the conjugation of bilirubin with taurine and the conversion of biliverdin into bilirubin were reduced; and consequently, much biliverdin was retained in the liver. Actually, the hepatic taurine levels were similar to the dietary taurine levels as shown in Fig. 2 and it is also reported that dietary soybean protein decreased plasma taurine concentration in cats. 24 Moreover, we recently found that hepatic cysteine sulfinate decarboxylase (EC 4.1.1.29) activity in red sea bream was lower than those of fish fed Diets 2 and 3 were significantly lower when compared with that of fish fed the control diet. In addition, the plasma triglyceride levels were significantly lower in Diet 2 and not significant in Diet 3. We assume that these distinctive lower values of the plasma lipid levels in the experimental diet groups are attributed to inhibited absorption of dietary lipids and bile salts from the small intestine. The hypocholesterolemic effect of soybean protein has been already reported, 20, 21 in which soy protein enhanced the fecal neutral and acidic sterol excretions. Bile salts, one of the predominant sterols in bile, are known to play a very important role in lipid digestion and absorption, and fish triglyceride lipase (EC.3.1.1.3) has a critical need of the bile salts for its lipolysis which is different from mammals. 22, 23 Hence, we conclude that although the digestion and absorption of lipids in red sea bream is inhibited by the feeding of substitute protein diets, no cholestatic hepatobiliary obstructions were induced in red sea bream.
In red sea bream, it was reported that bilirubin is conjugated with taurine in the liver and then secreted into bile. 15 It was also reported that taurine could not be detected in substitute protein sources. 11 These observations suggested that the hepatic taurine level is closely linked with the occurrence of green liver. Hence, we analyzed the hepatic taurine and biliverdin levels and biliary bile pigments composition. As a result, the feeding of substitute protein diets led to lower levels of the hepatic taurine and biliary ditaurobilirubin in the bile pigments (Table 4) . Moreover, as shown in Fig. 1 , there is a tendency that when the hepatic taurine contents were relatively low, much biliverdin was detected in the liver. However, we have to reconstruct our analytical method of hepatic biliverdin since we could not detect any biliverdin in the control group in which the green liver was observed (Table 2 ). An unknown sub- Values are mean ± SD of five fish. 1 Hepatosomatic index, 2 Not detected, 3 Trace. 4 and 5 Significant differences (P < 0.05 and 0.01) from the value of Diet 1, respectively.
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bluegill Lepomis macrochirus and rainbow trout. 25 These data support our speculation. Hence, we conclude that, in order to excrete the bilirubin into bile, glucuronate was used for the conjugation of bilirubin in place of taurine in red sea bream fed the substitute protein diets. The above speculation will apply to the green liver in yellowtail since a considerable taurine-conjugated bilirubin also exists in the bile of this fish. 15 We summarize that taurine deficiency is a probable cause for the outbreak of green liver in red sea bream. Therefore, supplementary taurine into the substitute protein diets to keep the hepatic taurine level higher will improve this abnormality by activating the metabolism of the bile pigments.
While this manuscript was in review, we observed that the supplementation of taurine into the substitute protein diets reduced the incidence of green liver in red sea bream. These data will be shown in our next report. 
